Biomaterials capable of neutralizing specific cytokines could form the basis for treating a broad range of conditions characterized by intense, local inflammation. Severe burns, spanning partialto full-thickness of the dermis, can result in complications due to acute inflammation that contributes to burn progression, and early mediation may be a key factor in rescuing thermally injured tissue from secondary necrosis in order to improve healing outcomes. In this work we examined the effects on burn progression and influence on the inflammatory microenvironment of topical application of anti-TNF-α alone, mixed with hyaluronic acid or conjugated to hyaluronic acid. We found that non-conjugated anti-TNF-α decreased macrophage infiltration to a greater extent than that conjugated to hyaluronic acid; however there was little effect on the degree of progression or IL-1β levels. A simple transport model is proposed to analyze the results, which predicts qualitative and quantitative differences between untreated burn sites and those treated with the conjugates. Our results indicate that conjugation of anti-TNF-α to high molecular weight hyaluronic acid provides sustained, local modulation of the post-injury inflammatory responses compared to direct administration of non-conjugated antibodies.
Introduction
Conjugation of monoclonal antibodies against pro-inflammatory cytokines to high molecular weight hyaluronic acid (HA) has been shown to preserve antibody binding affinity 1 and lead to decreases in inflammatory responses in an incisional wound model. 2 It is hypothesized that the conjugates function by retarding cytokine diffusion in the extracellular environment, modulating the intensity of inflammatory responses through slowing the signaling cascade. 3 Clinical application of this biomaterial would likely be in treating conditions characterized by intense inflammatory responses that worsen healing outcomes.
Burn injuries represent a potential clinical application of the conjugates due to intense inflammatory responses that can result in secondary tissue necrosis. 4 Severe burns that are partial to full thickness in depth can result in hypertrophic scarring, massive fluid shifts, sepsis and multi-organ failure. 5, 6 The initial burn results in necrosis immediately in what is known as the zone of coagulation but can progress over time into what is known as the zone of stasis. 7 This secondary necrosis may be due to inflammation-mediated mechanisms causing burn wound depth and surface area to progress for a period of up to 2 weeks after the initial injury. 8 Hemostasis, inflammation, proliferation and remodeling are the four major phases of wound healing. These phases are distinct but overlapping, and sustained acute inflammation can inhibit the proliferation phase of wound healing, retarding the healing process. Acute inflammation is characterized by increases in pro-inflammatory cytokines, phagocytic macrophages and monocytes in the wound microenvironment, and blood vessel dilation and permeability. During acute inflammation, cytokines activate macrophages and monocytes which phagocytize dead cells, debris and the barrage of incoming microbial insults. 9 Tumor necrosis factor-α (TNF-α) is released by these activated macrophages, which remain activated due to their environment and the presence of other cytokines. 10 TNF-α is an upstream regulator of inflammation with a variety of potent effects, has been observed at significant levels in burn wound tissue and wound fluid 11 and therefore, is a key player in the destruction of tissue in burn wound progression. TNF-α causes dilation of blood vessels and enhances neutrophil adhesiveness to endothelium, which allows for both fluid shifts and for phagocytic white blood cells to enter the site of injury. 12 Neutrophils can block blood flow to tissue completely from excessive adherence to endothelium. 13 TNF-α may prolong neutrophil lifespan, leading to destruction of blood vessels by reactive oxygen species, heightening fluid shifts from blood to tissue. 14 Elevated levels of TNF-α induce keratinocytes, which are needed to repopulate the epidermis, to undergo apoptosis, further stalling the healing process. 15 A number of studies indicate that TNF-α is not strongly upregulated in serum post burn, 16, 17 however it has been found to be locally upregulated in burned skin, 11 therefore, local, controlled modulation of TNF-α signaling could result in broad improvements in healing outcomes due to its central role in inflammatory cascades at the wound site.
Currently on the market are antibody-based therapies that block TNF-α systemically in chronic inflammatory disease, such as ulcerative colitis and rheumatoid arthritis. 18 For example, the anti-TNF-α drug infliximab, which is a chimeric anti-TNF-α monoclonal antibody containing a murine TNF-α binding region and human IgG1 backbone has been shown to decrease symptoms of several inflammatory diseases. 19 This drug, however, can increase risk of infection, tuberculosis, cancer, and even increase risk of other inflammatory diseases such as psoriasis. 20 Many inflammatory conditions have a predominantly local manifestation, and to minimize side effects and increase effectiveness of anti-TNF-α treatment, we aim to modify the antibody to mediate inflammation locally, making it suitable for use in wound healing.
HA has been used in wound dressings, skin substitute products and other regenerative medicine applications. 21 A major constituent of the subepidermal glycosaminoglycans, HA is known to be both biocompatible and bioactive in wound healing. High molecular weight HA is diverse in function, having been shown to support migration, proliferation and cytokine production of fibroblasts, as well as immunosuppressive effects and radical scavenging properties. 22 We previously described the biological activity of antibody-polymer conjugates. 2 In our most recent publication, we demonstrated that anti-TNF-α conjugated to HA was effective at reducing burn progression when compared to HA conjugated to anti-interleukin-6 or HA alone 23 . We also demonstrated that there were concomitant reductions in CD68+ cells and IL-1β production at sites treated with anti-TNF-α conjugated to HA. HA alone had a modest effect on dampening the development of nonviable tissue, but as far as IL-1β tissue levels and CD68+ cells, HA performed similarly to saline control. In the present study, we compared the effectiveness of the (anti-TNF-α)-HA conjugates to non-conjugated anti-TNF-α antibody and a non-conjugated mixture of HA and anti-TNF-α (anti-TNF-α + HA), in order to further elucidate the benefits of a topical antibody treatment that is designed to remain in the wound site for longer than a freely diffusing antibody.
MATERIALS AND METHODS

Materials
Hyaluronic acid (HA, M w = 1.6 MDa) and 4-(dimethylamino) pyridine (4-DMAP) were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Nhydroxysulfosuccinimide sodium salt (sulfo-NHS) and N-(3-dimethylaminopropyl)-N-′-ethylcarbodiimide hydrochloride (EDC) were purchased from Pierce (Rockford, IL). Antir-TNF-α purified mouse monoclonal IgG, was purchased from R&D Systems, Inc. (Minneapolis, MN). All reagents were reconstituted and stored according to the manufacturer's instructions.
Monoclonal antibody conjugation to HA
Antibodies were conjugated to HA and characterized based on standard methods developed previously in our lab. 1 HA (12 mg) was modified with an active ester group, using Sulfo-NHS, EDC and 4-DMAP overnight, precipitated in acetone, and dried. Activated and rehydrated HA was coupled with anti-rTNF-α (1 mg), as shown in figure 1 , at 4 °C overnight. The product was dialyzed (MW cut-off 300 kDa, Next Group, Southborough, MA) against PBS for 24 hours with 4 changes of PBS at 4 °C. The final product consisted of roughly 1% (w/v) HA solution. To achieve a higher viscosity more suitable for open wound applications, conjugate solution was made to contain 5% HA by mixing 3 parts of the conjugate product with 4 parts of 8% HA solution, and the final concentration of the cytokine-neutralizing antibody is about 400 μg/mL.
Binding affinity measurements
Binding affinity was determined based on methods previously described by our laboratory 1 using the ForteBio Octet QK system, which measures optical thickness of a streptavidin-functionalized sensor tip. Antibodies, both modified and unmodified by HA conjugation, were biotinylated using EZ link sulfo-NHS LC-LC-biotin, which binds strongly to the streptavidin tip. Steptavidin sensor tips were hydrated in PBS for at least 5 minutes prior to starting the experiment. The experimental parameters consisted of the following dipping sequence: PBS 1 min (baseline), anti-TNF-α or (anti-TNF-α)-HA (10 μg/mL antibody) 20 min (loading), biocytin (10 μg/mL) 3 min (quench), PBS 5 min (wash), PBS 5 min (baseline), recombinant rat TNF-α (R&D systems Inc, Minneapolis, MN) 20 min (association), PBS 60 min (dissociation). The association step used a series of 6 TNF-α dilutions. The association rate constants, dissociation rate constants, and equilibrium dissociation constants were determined by using the Fortebio data analysis program, which calculated these values by generating a line of best-fit for the binding isotherm.
Rat deep partial-thickness burn model
A commercially available soldering unit was used as a controlled heat source. The soldering iron was modified by welding a 17 mm diameter, 2.5 mm thick brass disk on the tip and weighted with 500 g for efficient heat transfer. The non-contacting side of the disc was connected to a thermal coupler to monitor the actual temperature of the disk. All animal experiments were performed following the policies and procedures of the Institutional Animal Care and Use Committee at Institute of Surgical Research, Fort Sam Houston, TX. Burn injuries were induced on the back of 16 shaved, anesthetized adult Sprague-Dawley rats (n=4 for each treatment group). The brass disc was heated to 85 °C and stabilized for 2 min. One burn injury per rat was inflicted by placing the brass disc on the skin for 10 s. Eschar was excised the next day with surgical scissors, taking care to make the incision as close to the edge of the eschar as possible. 24 This was followed by application of 200 μL treatments. The treatment groups were saline, anti-TNF-α alone, anti-TNF-α mixed with HA (anti-TNF-α + HA) and (anti-TNF-α)-HA. The rats were randomized for different treatments and different time points. Eschar removal date was defined as day 0, and the first treatments were applied on the same day. The wounds were dressed with commercially available Tegaderm™ and sealed with Vetbond (3M, St. Paul, MN). Figure 2 provides a timeline for the burn study. Treatments were applied on days 0, 2 and 4, and the rats were euthanized and tissues around the burn were harvested on the days in which they were assigned. The tissue was prepared with either 10% formaldehyde for histology analysis or flash frozen for subsequent protein extraction.
Total protein and ELISA assays from burn tissue
The flash frozen tissues were cut into approximately 0.1 g pieces which were then homogenized in 600 μL of T-PER Tissue Protein Extraction solution (Thermo Scientific, Rockford, Illinois), for total protein extraction. Homogenates were centrifuged at 10,000 rcf for 5 min; supernatant was removed and stored at −80 °C.
The supernatants were assayed for total protein concentrations using the Pierce BCA Protein Assay kit (Thermo Scientific, Rockford, Illinois). The assay was carried out according to the kit procedure, with a 1:8 ratio of diluted sample to BCA working reagent and was analyzed by SAFIRE microplate reader (SAFIRE, San Jose, CA) with absorbance set at 562 nm. ELISA assays for IL-1β concentrations, from tissue extracts diluted 1:20 in assay diluent, were performed using the Quantikine Rat IL-1β ELISA kit (R&D Systems, Minneapolis, MN), according to the kit procedures, and analyzed by SAFIRE microplate reader with absorbance 562 nm with a 549 nm correction. Curve fitting to the standards was used to express the concentration of both total protein and cytokines in the tissue samples in pg/mg protein.
Histological and immunohistochemical staining
Histological staining-The explanted burn site specimens mounted on glass slides and embedded in paraffin, were subsequently deparaffinized with xylene followed by a graded series of ethanol solutions (100-70%). Sections were then stained for hemotoxylin and eosin or Masson's Trichrome for morphological assessment. The slides were then cleared and dehydrated using the reverse of the deparaffinization procedure described above prior to coverslip with non-aqueous mount.
Immunohistochemical staining-Slides were stained for either vimentin, to determine the degree of viable tissue at the wound edge and apex, or for CD68, to approximate the number of macrophages infiltrating the wound bed deeper in the tissue along the axis of the wound edges. Following deparaffinization, the slides were immersed in 95-100 °C citrate antigen retrieval buffer (10 mM citric acid monohydrate, pH 6.0, Spectrum, Gardena, CA) for 20 min and cooled to 60 °C. Slides were washed twice in TRIS-buffered saline-Tween 20 (Trizma Base, Tween 20, Sigma) and twice in PBS. Tissue sections were incubated in T20 blocking buffer (Pierce, Rockford, IL) for 1 h at room temperature in a humidified chamber. Sections were incubated in primary antibody overnight at 4 °C in a humidified chamber, washed three times in PBS, then incubated in 3% H 2 O 2 in methanol for 20 min at room temperature to quench endogenous peroxidase activity. Slides were washed three times in PBS before incubation in secondary antibody, biotinylated horse anti-mouse IgG (Vector, Burlingame, CA), for 1 hour in a humidified chamber at room temperature, and washed three times in PBS. The sections were then incubated in Vectastain ABC (Elite ABC kit, Vector) reagent for 30 min in a humidified 37 °C chamber, washed three times in PBS, and incubated in 4% diaminobenzadine substrate solution (DAB substrate peroxide kit, Vector) at room temperature. The slides were rinsed in water to stop the development of the diaminobenzadine substrate and counterstained using Harris hematoxylin stain (Vector). Slides were dehydrated using the reverse of the deparaffinization treatment described above prior to coverslipping. Primary antibodies used were mouse anti-rat CD68 (Serotec, Raleigh, NC), diluted to 1:100 in PBS or mouse anti-rat vimentin (Serotec, Raleigh, NC), diluted 1:20 in PBS. Secondary antibody was diluted in PBS 1:150 for CD68 staining, and 1:200 for vimentin staining. The immunostained slides were examined and imaged using a Leica DM IL LED microscope (Germany).
Statistical Analysis
Vimentin quantification, CD68 cell counts and IL-1β levels were all subjected to ANOVA to determine significance. IL-1β levels were log transformed for equal variance.
Results
Binding Affinity
Binding affinities were measured using the ForteBio Octet system, which uses heterodyne measurements of changes in the optical thickness at the ends of fiber optic sensors to measure the kinetics of adsorption and desorption. Binding affinity measurements were carried out on the antibody conjugate and the non-conjugated antibody. Association and dissociation curves are fit to equations of the following form:
(1) (2) where R(t) is the reflection coefficient at time t, R 0 is the baseline value of the reflection coefficient, ΔR is the total change in response, k on is the association rate constant, t on is the time at which the sensor is placed in solution containing the analyte, k off is the dissociation rate constant, and t off is the time at which the sensor is placed in pure buffer solution. The values for k on and k off are determined from curve fitting, and their ratio provides a measurement of K D .
Representative association and dissociation curves of (anti-TNF-α)-HA (figure 3a) and anti-TNF-α (figure 3b) are consistent with previous measurements from our lab. Differential initial loading of the biotinylated antibody, alone or as a conjugate, onto the streptavidin tip is observed, shown in figure 3c . The conjugate displays a greater thickness on the tip, perhaps due to interactions with HA chains.
Binding affinity for TNF-α by neutralizing mAb immobilized on the sensor tips was not significantly altered by conjugation to HA, with K D values for both HA-conjugated and nonconjugated mAb around 100 pM. Previous studies by our lab confirmed this activity of the conjugates using in vitro measurements of NF-κB translocation assay 2 , concluding that conjugation to high molecular weight HA does not abolish the affinity of mAb for TNF-α
Rat Burn experiment
Each rat received one burn and the next day, defined as day 0, the eschar was surgically removed before application of the treatments, as previously described by our lab. 25 Experimenters were blinded to the rat treatment groups. None of the rats lost a significant amount of weight during the experiments.
Qualitative histological assessment
As shown in figure 4 , trichrome-stained tissue sections were analyzed qualitatively to determine gross appearance of the wound bed. Newly forming granulation tissue was observed in all cases by day 4, under both the intact skin and removed eschar; however wounds treated with the conjugate showed the most robust granulation tissue at this time point, which indicates that the (anti-TNF-α)-HA treatment group may be ahead temporally in terms of healing response compared to other treatment groups.
Although eschar was removed on day 1, newly forming eschar begins to appear in most treatment sites at days 4 and 7. This dark red layer is visibly thicker in the saline and nonconjugated anti-TNF-α treatments, which is postulated to be the result of secondary necrosis of the dermal tissue. This layer of tissue grew significantly in saline and anti-TNF-α treatments, shown on the day 7 images, but not in the (anti-TNF-α)-HA treatment group.
The viable tissue adjacent to the wound appears to remain healthiest in the (anti-TNF-α)-HA treatment group at day 7 compared to all other groups, maintaining epidermal and dermal structure. Hair follicles in this region appear intact in the (anti-TNF-α)-HA group, whereas in other treatment groups they appear damaged, especially in the saline control. Blood vessels in the tissue adjacent to the wound appear to be dilated one day after eschar removal in saline, and less so in anti-TNF-α, anti-TNF-α + HA and (anti-TNF-α)-HA treatments. This trend continues through day 7 for anti-TNF-α and (anti-TNF-α)-HA treatments show less dilation compared to saline treatments on day 1. Blood vessels from all treatment groups containing anti-TNF-α non-conjugated, mixed or conjugated, continue to trend towards dilation resistance through day 7 compared to saline treatment.
H&E staining revealed differences in the inflammatory immune response, as noted by immune cell infiltration by day 7 as shown in figure 5 .
Multinucleated immune cells are prominent and densely packed at the wound edge. The density and thickness of this layer of immune cells evident in this area appears to decrease when comparing saline to anti-TNF-α and further decreases amongst the HA containing groups HA alone, anti-TNF-α + HA and (anti-TNF-α)-HA. In the (anti-TNF-α)-HA treatments, these areas of immune cells were less dense than observed in other treatment groups, suggesting an attenuation of the acute inflammatory response.
Vimentin immunostain quantification
Vimentin is an intermediate filament found in mesodermal tissues such as the dermis. Staining for vimentin is an established method of determining tissue viability, 26 and was used to identify burn progression after 7 days in this study. The extent of nonviable or significantly compromised tissue, which was identified with this stain as a lack of or extremely sparse staining for vimentin, is an estimate of burn progression. The vimentinstained images were quantified in two separate rounds of blinded analysis, and the average thickness of the nonviable tissue was measured separately at each edge of the burn wound and in the center using ImageJ. A minimum of three images of each tissue section were examined at 4× magnification to measure this depth. These measurements were then averaged for the final results. The saline-treated control displayed the most nonviable tissue at day 7, as shown in figure 6 . HA, anti-TNF-α and anti-TNF-α + HA treatments appeared to produce a relative decrease in nonviable tissue compared to saline by day 7, though not statistically significantly. (Anti-TNF-α)-HA treatment displayed the greatest decrease in nonviable tissue by day 7, which was significantly less than all other treatments (p<0.003).
Macrophage infiltration
Immunostaining for CD68 was used to assess the total number of active macrophages in the wound bed, inside the junction between healthy and damaged tissue about 200-500 μm deep, depending on the day post wounding. The stained images were evaluated quantitatively in a blinded fashion by two independent investigators (MR and JP). Quantitative analysis was performed by counting the number of CD68 positive cells in three matched microscope fields at 40x magnification. The number of positive stained cells was then averaged to obtain the final results, as shown in figure 7 . Treatment with anti-TNF-α or (anti-TNF-α)-HA significantly affected macrophage counts compared to saline (day 1, p<0.001; day 4, p<0.05; day 7, p<.001); anti-TNF-α +HA followed this pattern as well for later time points, but had no effect on day 1 (day 4, p<.05; day 7, p<.001). Treatment with (anti-TNF-α)-HA or anti-TNF-α +HA decreased the number of macrophages by day 7 compared to saline by nearly 20%. Anti-TNF-α treatment decreased the levels of macrophages the most by day 4 and day 7 compared to saline by approximately 75% and compared to (anti-TNF-α)-HA, about 50 percent. In reducing macrophage infiltration, treatment with non-conjugated anti-TNF-α appeared to have the largest effect, while (anti-TNF-α)-HA and anti-TNF-α + HA appeared to have similar effects on macrophage infiltration.
IL-1β concentrations
The cytokine IL-1β was chosen as a marker for the overall inflammatory microenvironment because it is centrally involved in inflammation and linked to the levels of active TNF-α, 16, 17 increasing to significant and measureable levels 1-3 hours after burn injury. 27 , 28 As shown in figure 8 , IL-1β levels were found to decrease the most in treated sites by anti-TNF-α on day 1, compared to saline though not significantly compared to the conjugate. Nonconjugated anti-TNF-α seemed to have the greatest effect early on in treated sites, but its efficacy decreased over time, and by day 7, anti-TNF-α treatment was similar to saline control. IL-1β levels were effectively reduced in (anti-TNF-α)-HA treated sites by day 4 and day 7, compared to saline (day 4, p<.05; day 7, p<0.05).
Discussion
Because of the demonstrated involvement of acute inflammation in aberrant burn healing, 7 modulation of inflammation is an appealing strategy for improving burn outcomes, but there are few documented studies on its effects. This may be because of the risks associated with systemic delivery of anti-inflammatory drugs to burn patients. The most effective and safest way to achieve this is through local therapy at the wound site. As we have shown, (anti-TNF-α)-HA, anti-TNF-α and anti-TNF-α + HA were all able to affect certain aspects of inflammation and healing through topical application of treatment, but the differences between their performances may be attributed to differences in pharmacokinetics of these therapeutics in the wound bed. In tissue, the diffusion coefficient of therapeutic antibodies is 10 −8 -10 −9 cm 2 /s, 29 and mean residence time at the tissue is primarily determined by the diffusion time to a blood vessel, which would be of order 0.1 mm from the surface of rat epidermis, 30 from which a half-life on the order of hours would be predicted. In contrast, the high molecular weight of HA would cause tethered antibody to diffuse much slower, giving it an estimated diffusion coefficient in tissue of about 10 −10 -10 −11 cm 2 /s. 31 Based on diffusion constants, the conjugates would have a mean residence time on the order of days, although this will be reduced as the HA is degraded at the injury site by phagocytic cells and reactive oxygen species. Given that HA has a half-life of about 50 h in subcutaneous tissue, 32 although likely less in a burn site, the residence time of the anti-TNF-α should be much greater when conjugated to high molecular weight HA. The increased residence time of (anti-TNF-α)-HA is hypothesized to reduce secondary necrosis significantly, which was most likely the combined result of decreasing IL-1β levels, general inflammatory cells at the wound front and active macrophages in the wound bed compared to saline. This was more effective than anti-TNF-α alone or anti-TNF-α + HA, which exhibited reduced macrophage counts, but did not significantly decrease the nonviable tissue or IL-1β compared to saline. Because the degree of nonviable tissue in anti-TNF-α and anti-TNF-α + HA treatment was much greater than in the (anti-TNF-α)-HA treatment, we postulate that the faster diffusion of non-conjugated anti-TNF-α through tissue was able both to inhibit recruitment of macrophages and possibly block TNF-α effects on blood vessel dilation more effectively due to antibody diffusion into the blood vessel. However, the spectrum of TNF-α activities at the wound site went unhindered, as seen by the robust recruitment of immune cells under newly forming eschar on days 4 and 7.
Although non-conjugated antibody was initially effective in decreasing IL-1β levels at day 1 compared to saline control and conjugate, and in decreasing macrophage counts throughout, we hypothesize that the antibody diffuses rapidly from the wound site and into the blood stream too quickly to provide a sustained decrease in inflammation at the site over a long period of time in the pivotal zone of stasis. It is interesting that under treatment with anti-TNF-α, the measured macrophage numbers and IL-1β concentrations appear to be anticorrelated: macrophage numbers are relatively higher at Day 1 and lower at Day 4 and Day 7 while the opposite trend is observed in IL-1β levels. We propose that other resident or recruited immune cells may be responsible for the observed IL-1β levels, but follow-up studies are required to determine this. A simple transport model may be used to interpret the reductions in inflammatory markers under treatment with conjugated anti-TNF-α compared to non-conjugated using standard transport equations 33 (3) where c TNF represents the local concentration of TNF-α as a function of position r and time t, the first term on the right (assumed to be zero) represents transport due to convection involving the dot product of a velocity v with the gradient of c TNF , D is the effective diffusion constant of TNF-α in the tissue having value of 2 × 10 −7 cm 2 /s, 34 and Γ is the volumetric production rate of TNF-α. Production of TNF-α in burned rodent skin increases significantly compared to baseline levels in healthy skin, 11 with levels reported of roughly 1500 ± 300 pg/(µg soluble protein) compared to negligible TNF-α levels in healthy skin 3 days following partial-thickness burns. Direct measurements of TNF-α concentrations were not successful in antibody-treated sites in our study, potentially due to the confounding effects of TNF-α antibodies. A volumetric production rate of 15 µg/mL·day in the zone of stasis was estimated, based on calculations with reported TNF-α values in burned rodent skin, and we assume further that the surrounding zone of stasis produces TNF-α at a rate that maintains a boundary condition of ∂c TNF /∂z = 0 at the interface between zones. If the antibody conjugate is restricted to the outer layer of the burn site, it can be assumed to form a sink for TNF-α at which c TNF (z=0) = 0 since the amount of mAb applied (100 µg or 7 × 10 −10 mol) is comparable to the number of moles of TNF-α produced in one day. If the zone of stasis in the burn sites is a cylindrical volume with diameter d = 17 mm and depth L = 3 mm, this model can be simplified as a one-dimensional diffusion equation that predicts a flux at the interface with the gel, a z-dependence, and an average TNF surface flux of (4) which is the rate at which TNF is sequestered by the antibody conjugate. The concentration averaged over the volume of the burn site in the absence of the conjugate is predicted to increase linearly with time at a rate of Γ*πLd 2 . However, in the presence of the conjugate, this is predicted to plateau at a value given by (5) until the antibody sites are filled. In analyzing the model, we did not explicitly consider the effects of reversible binding of TNF-α by the antibody or the effects of antibody saturation. Interestingly, increasing antibody dose only affects TNF-α concentrations beyond the saturation limit, and in these experiments the dose is just enough to capture TNF-α produced in the first 48 hours. The results of this model suggest that significant shifts in TNF-α concentration and transport can be effected through application of the antibody-polymer conjugates, and further refinement of the model could result in more insight into these processes.
Current theories suggest multiple macrophage phenotypes are involved in wound healing, and this phenotype evolves over the course of productive healing. 35 Tethering the antibody to biopolymer may be more effective in two ways: by keeping the antibody physically in the wound for longer without diffusion into the bloodstream, and by sterically blocking the Fc region of the antibody, a major contributor to innate immune responses to therapeutic antibodies. The latter is important to the mode of inhibition of TNF-α. Macrophages can have TNF-α on their surface, to which non-conjugated antibody can bind. 36 This tags the macrophage for removal and/or cell death which could account for the dramatic decrease in macrophage count in the anti-TNF-α treatment group. It is also possible that non-conjugated anti-TNF-α moving into the blood stream inhibits further recruitment of circulating monocytes. Because nonviable tissue was not decreased in this treatment despite the decrease in macrophage count, this may indicate that despite reducing macrophage numbers, the remaining cells are still highly active in the wound site. Considering the plasticity of macrophages involved in wound healing, significantly reducing the macrophages could have a negative effect on healing; the same macrophages needed to phagocytize debris are needed to initiate the repair processes. 37, 38 Further experiments on mechanisms of cell death will be needed to explore this concept.
HA has been shown to have anti-inflammatory properties in burn wound healing. 39 While we did see a small decrease in nonviable tissue with HA alone 23 , HA did not significantly affect the biochemical markers of inflammation that we wish to modulate during the pivotal early stages of wound healing. Conjugated to anti-TNF-α though, we were able to decrease nonviable tissue and the related inflammatory markers more effectively than with anti-TNF-α, HA or anti-TNF-α + HA. We have yet to uncover the mechanism by which conjugation of the antibody to HA was able to decrease the inflammatory response and burn progression compared to merely a mixture of the two components. This will be further investigated in a study comparing conjugation of the antibody to various polysaccharides with different biological inertness or activity. High levels of TNF-α are associated with pathologies in wound healing, and localization of the capturing antibody is key to decreasing the amount of nonviable tissue that results. Timeline of burn experiment. There were 3 time points, with n=4 animals receiving 1, 2 or 3 treatments over a course of 1, 4 or 7 days, respectively. Masson's trichrome images of burn edges. Granulation tissue started to appear four days after eschar removal in the deep dermal region, with the most robust granulation tissue in the (anti-TNF-α)-HA treated sites. HA, anti-TNF-α and anti-TNF-α + HA treatments shows slower granulation tissue formation, while saline treated wound sites display the slowest granulation tissue formation. On day 4, newly forming eschar (#) is observed in most of the wound sites, and on day 7, necrosis has grown significantly particularly in saline and anti- Vimentin immunostaining was used to assess viable tissue, by measuring thickness of nonviable tissue. Trichrome images were referenced if it was not immediately clear where the viable tissue ended. By day 7, (anti-TNF-α)-HA has decreased the thickness of necrosis significantly. (Anti-TNF-α)-HA treated burn sites have significantly thinner nonviable zones than saline and anti-TNF-α treated sites and denser vimentin staining in the viable region. Thickness of nonviable tissue in anti-TNF-α treated sites is not significantly different from saline treatments, but trends towards a slight reduction in nonviable tissue. *: p<0.05; error bars = mean +/− SD Macrophage infiltration counts. On day 1, macrophage count appears to be most affected by (anti-TNF-α)-HA, and slightly by anti-TNF-α treatment. Anti-TNF-α treatments appeared to decrease macrophage counts the most by days 4 and 7. (Anti-TNF-α)-HA treatment attenuated slightly by day 7, but was still significantly decreased compared to saline control (* p<.001, bars p<.05; error bars are mean +/− SD). IL-1β concentration in extracted burn tissue. IL-1β concentration peaks at day 1, and attenuates on day 4 in saline and (anti-TNF-α)-HA treated wound sites, however IL-1β levels are significantly lower than those in saline treated sites throughout the experimental period (* p<0.01 day 4, and p<0.05 day 7). Anti-TNF-α treatment exhibited the opposite response to saline and (anti-TNF-α)-HA, inhibiting IL-1β day 1 compared to saline, but then steadily loses effect by days 4 and 7. Error bars = mean +/− SD. Graphic representation of transport model. Total area represents a burn wound cross section. The solid black-bounded box represents the boundaries of the model, the contents of which also correlate to the zone of stasis, where the dramatic increases in TNF-α are expected to occur
